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Abstract: The secondary spectrum of an aerospace wide spectrum ( 420. 0~ 900. 0 nm) and long focus ( 450

mm) telescope was corrected by combining diffractive and refract ive optical elements, and the structural dimensions

of diffractive lens and the aberrations of a telescope system were calculated as well. Computer simulation results

showed that the secondary spectrum of the telescope objective lens corrected by combining diffract ive and refractive

opt ical elements was no greater than 0. 08 mm, and the position aberration of a point on the axis was also very

small, and repeated elimination of aberration was achieved. The optical transmission function was generally close to

the diffractive limit , and the whole system designed could satisfy the actual operational requirements.
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衍/折射光学系统校正二级光谱的研究

洪新华, 杨建峰, 陈立武, 郑 � 黎, 常凌颖, 赵葆常

(中国科学院 西安光学精密机械研究所, 陕西 西安 710068)

摘要: 将衍射和折射光学元件结合, 对星载用宽光谱 ( 420. 0~ 900. 0 nm)、长焦距 ( 450 mm) 望远物镜的二级光谱

进行了校正, 计算了衍射透镜的结构尺寸和望远镜系统的像差。计算机模拟结果表明: 采用衍/折射混合校正后的望

远物镜的二级光谱不大于 0. 08 mm, 轴上点的位置色差也很小, 实现了复消色差, 光学传递函数也基本接近衍射极

限。所设计的整个系统可以满足实用要求。

关 � 键 � 词: 衍射光学系统; 折射光学系统; 二级光谱; 望远镜; 校正
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1 � Introduction

� � Secondary spectrum can reduce the imaging quali�

ty and lower the contrast of image both in high accuracy

telescopes system and microscopes application with

wide field of view. Therefore, the removal of secondary

spectrum is an important factor to evaluate the quality

of optical system. In general, introducing the lenses

combinat ion with different materials properties ( index

and dispersion ) can reduce visual secondary
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spectrum. For example, fluorite may be combined with

suitable glass to eliminate or reduce the secondary

spectrum. However, it is disadvantage for availability

of big size of fluorite due to its fabrication process and

high cost in big aperture telescope application. Practi�

cally, the application of binary optics lens ( BOL) is

more economic at low scale instead of fluorite. By us�

ing the special propert ies of BOLs related to the disper�

sion and wavelength, the effect of secondary spectrum

can be reduced in a hybrid diffractive�refractive opt ical

system. In addit ion, BOLs are used to ease optical de�

sign and improve the imaging quality of optical sys�

tems[ 1] .

� � In reference[ 2�3] it was also reported to decrease

secondary spectrum by means of BOL recently. But it

was not commercialized yet. In this paper, the methods

of hybrid diffract ive�refractive lens was used to reduce

secondary spectrum in paraxial long�focus length tele�

scopes for aerospace application. The principles and

design of BOLs were presented as well. Furthermore,

opt imizat ion simulations of optical system were carried

out with ZMAX and simulation results were desirable

for practical applications.

2 � Principle of apochromats of BOL

� � The lens used to remove the secondary spectrum

are called as apochromats. Usually secondary spectrum

can be reduced by using special dispersion combination

of the negative lens and positive lens in conventional

opt ical design. Note, however, that for some pairs,

the difference of dispersion between negat ive lens and

positive lens is small, and the powers of the individual

elements required for achromatism are higher than with

an ordinary pair of glasses. This increase in element

power causes a corresponding increase in the other

residual aberrations. For relat ive complex structures,

the secondary spectrum may be reduced in terms of

separation of two lenses. However, the achromat can�

not be eliminated completely in a thin doublet system.

In this paper, we use other way to solve this problem.

For visible lights, the index of the optical materi�

als like glass and crystals will decrease with wavelength

due to positive dispersion. The BOLs with positive fo�

cal power are negative dispersion, it can be used to

correctdispersion, take over some focal power, and

reduce monochromatic aberrat ion.

2. 1 � Properties of BOLs

According to the normal observation spectrum,

the apochromat system for D ( 587. 6 nm)、C ( 656.

3 nm) and F ( 486. 1 nm) lines is designed firstly.

The image of BOLs is formed like that of holo�

graphic optics. The corresponding focal length to each

line are given as:

f C = fD ( �D / �C) , f F = f D ( �D / �F)

Thus yield power are:

�C = ( �C/ �D ) �D, �F = ( �F / �D ) �D , (1)

where f C, f D , f F are the focal lengths of BOLs corre�

sponding to the wavelengths of light C, light D and

light F respectively. �C, �D , �F are the wavelengths

corresponding to light C , light D and light F respec�

tively, �C, �F are powers corresponding to light C and

light F respectively.

The effective refract ive index of BOL will be:

nz eff = 1+ 1/ ( c0f z ) = 1+ �z / ( c0f z�d )

According to classical optical materials, the Abbe

number  ( inverse dispersions) is defined as

 d = ( nd - 1) / ( nF - nC)

We can obtain the effect ive Abbe number of BOL:

 Bd = { �d / ( �F - �C) } = - 3. 452.

The dispersion equation of BOL� s may be expressed

as:

P�
1
�
2
= ( �1- �2) / ( �F - �C)

�F ∀ �2 < �1 ∀ �C , (2)

Where P�
1
�
2
stand for the dispersion from light 1 to light
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2. From the Eq. ( 2) it is known the dispersion of

BOL� s depends on wavelength of the light , does not

depend on the refract ive index of glasses. Usually

common optical materials are more dispersive at shorter

wavelength, while less dispersive at longer wave�

length. These two dispersion characteristics can be

combined to make apochromats used in optical systems

only by doublet of common opt ical materials. There

still exists another question if achromatic triplet may be

used for this purpose[ 7] .

2. 2 � Distribution of focal power of diffractive�re�

fractive lens

For thin�len system, the net focal length of the

three elements is f , and the focal lengths of these three

opt ics are f a , f b, f c respectively, then[ 6] :

f a = f#!P(  a -  c) / ( P b- P c) Pa

f b = f#!P(  a -  c ) / ( Pc - p b) Pb

f c = f# !P(  a-  c) / ( P a - Pb) P c, ( 3)

where  a ,  b,  c are Abbe numbers of the three lens�

es respectively. Pa , Pb, Pc are partial dispersion of

the three lenses respectively. !P is the vert ical dis�

tance of material b to the line connecting the plot of

material a and c on graph P� . It is positive when the

plot of material b is above the line, otherwise, !P is

negative. Furthermore, we can get

!P = { a ( Pb- P c) +  b( P c- P a) +

 c ( P a - P b} / (  a -  c ) , ( 4)

It can be known from Eq. ( 3) and ( 4) , with the

same focal power, the bigger the absolute value of !P

is, the smaller the focal power of every apochromat is,

and the smaller surface curvature, In addition higher !

P can ease design the apochromat andmore ideal to re�

move the secondary spectrum by BOL.

3 � Design of BOL

� � BOLs can be designed to get the effect of apochro�

mats by the method reported in reference[ 6�7] . The de�

sign index of the system are given as:

net focal length: 450 mm, aperture: 100 mm,

relative aperture: 4. 5 and for sight�field angle: 2.

The f ield is paraxial diffractive. Because the focal

power of the system is fixed according to technical re�

quirement, BOL will be designed by scaling theory of

light propagation, optical amplitude and system focal

length depend on the design of BOL. See below:

rm = [ ( f 0+ m�d/ j )
2
- f

2
0]

1/ 2
( m = 1, 2, ∃N) ,

(5)

where rm is the radius of m�th. m is the number of

rings. j is step numbers, �d is main wavelength used

for the fabrication of the BOL, f 0 is the main�wave fo�

cal length of BOL. When the m is big enough, we can

get (m�)
2
/ j

2 � (2m�f 0) / j , then rm =

[ (2m�f 0) / j ]
1/ 2

. While vertical plane wave is incom�

ing , every rm corresponds to a planewave in Eq. ( 5) ,

then the focal length of the BOL is given as f 0 =

r
2
mj / (2m�d) , here to m is the maximum N , the focal

length is

f 0 = r
2
Nj / (2mN�d ) = R

2
j / (2N�d ) = R

2
/ (2M�d ) ,

(6)

From Eq. ( 6) j does not affect the focal length of BOL

when changed. To make the three waves have same fo�

cal length, Eq. ( 7) should be considered:

f �= �d�
- 1

f 0, (7)

For harmonic diffractive lens

fm , �= p�d ( k�) - 1
f 0, (8)

where p is integer, k is diffract ive order.

For the purpose of obtaining maximum diffractive

effect, etching step is decided as 8, etching depth is

given as d = �d / [ 8( n - 1) ] , here n is refractive in�

dex of the diffractive material. According to radius of

rings, the minimum line�width can be gotten from:

∀= rn - rn- 1 = [ (2n�f ) / j ]
1/ 2

- { [ 2( n - 1) �f ] j } 1/ 2,

(9)

The phase function of rotational symmetric diffractive

surface of BOL is expressed as

#( r ) = 2∃�- 1
( A�r

2
+ G�r

4
+ ∃) , (10)
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In Eq. ( 10) , A�is the second�phase coefficient to de�

cide the value of paraxial focal power. For the BOL at

specific wavelength, A�is directly proportional to wave�

length and used to correct system aberrations. G�is the

aspherical phase coefficients used to correct other or�

ders of spherical aberrat ions of the system. Here we

use the second�phase coefficient A� to remove the sec�

ondary spectrum.

4 � Simulation of long focal length

diffractive�refractive lens

4. 1 � Longitudinal aberration of the system

A long telescope lens was designed with ZEMAX,

an opt ical design software. It demanded that system

focal length is f = 450 mm, D = 100 mm for maximum

aperture, 2% ∀ 2% for field angle. To meet up with the

aerospace application, the waveband of spectrum

should be at the range of 420. 0~ 900. 0 nm. In

long focal length telescope three lenses would be used.

The first lens was made of BK7 glass, the second lens

was BOL with refractive index nB, and the third lens

was made of SF10 glass, focal lengths were calculated

with Eq. ( 3) . In the simulation, the focal length of

BOL is 1. 69 & 10
5
mm, the structure of BOL is opti�

mized as: number of ring strips is 104, minimum line

width is 0. 2404 mm, net length of the system is un�

der 720 mm.

According to the principle of apochromats, the

secondary spectrum met up with the technical require�

ment of the optical system. Spherical aberration and si�

nusoidal aberration were reduced by means of computer

opt imizat ion.

The center field of the telescope was over correct�

ed, there was no difference among the field 0. 5 and

0. 8 for three colors. There is no enough correction for

the field 0. 7, but this had no more effect on the sec�

ondary spectrum of opt ical system. This optimized sys�
tem is featured that the two fields points get 0 aberra�

tion at 0. 5 and 0. 8.

Assuming the object is positioned at inf inite dis�

tance stop points is at the sphere center behind the

BOL. The simulation result of the optical system was

shown in Fig. 1. From Fig. 1 it was known that the

aberrat ions of lens in the telescope had been con�

firmed, the other parameters do not be used, correc�

tion aberrat ion can be done by these parameters ( not

understandable, suggest for making some modifica�
tion) .

Fig. 1� Field curvature/ distortion/ OPD of the system

4. 2 � Modulation transfer function (MTF) of the

system

MTF can be used to express characterist ic fre�
quency of ground imaging resolution of the system and

show imaging quality of opt ical system. Usually high

imaging quality optical instruments use to approximate

by diffractive�limited method. The imaging results ex�

pressed by MTF of the system were shown in Fig. 2,

the results were satisfied whatever sagittal plane ( S) or
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meridional plane ( T) . Line resolution was shown with

SF, unit is ( mm) - 1.

Fig. 2� MTF of the system

From Fig. 2 we can see, simulation results of

the lens were agree with design index of the system. It

reached to the bottomline of the diffractive limit in 0.

5m field. MTF was more than 0. 6 when frequency

reached up to 30 SF at 1 m field. When the focal pow�

er was fixed, other parameters were used to correct

distortion and ot�her aberrations. Compared to other

common telescopes, the system is compact and light�

weighted.

5 � Conclusions

� � According to the lens simulation results on

ZMAX, it can be concluded that the secondary spec�

trum of lens can be reduced to a very low scale by us�
ing of hybrid diffractive�refractive methods for

aerospace telescope. The size and whole weight of the

telescope are reduced obviously relat ive to the tradition�

al refractive system. In addition, the simulation results

show that the MTF of such kind of system keeps a high

value in all the fields of view, which means it can be

both applied in aerospace telescope system and other

research fields with high image quality, lightweight and

compact structure required.
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